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iAbstract
The increase in use and production of engineered nanoparticles in recent 
years points towards their inevitable release into freshwater ecosystems. 
Subsequently, exposure to organisms in freshwater ecosystems is to be 
expected. The aim of this dissertation was to synthesize silver nanoparticles 
(AgNPs) using silver nitrate, gelatine and maltose as precursor, capping and 
reducing agent respectively. Cytotoxic effects of the as-synthesized AgNPs 
was evaluated at concentrations of 0.031 μg/L, 0.250 μg/L and 5.000 μg/L 
on selected target organs in zebrafish (Danio rerio) after 96 hr of exposure, 
under a 24 hr static renewal system. Formation of AgNPs was investigated 
by UV-Vis spectrophotometry, which displayed absorption maxima peak 
characteristic of plasmon resonance band for silver at 419 nm. From 
transmission electron microscopy, AgNPs was found to be small, well 
dispersed and spherical in shape with a narrow size distribution, and an 
average particle size of3.76 ± 1.00 nm. Histopathological alterations 
following exposure to AgNPs was noticed in the gills, epidermis, muscle 
tissue and kidney. Secondary lamellae hypertrophy, oedema and epithelial 
lifting was observed in all experimental groups. Curling and clubbed tips of 
secondary lamellae were observed at the lowest concentration (0.031 μg/L). 
Hyperplasia and lamellae fusion was most common at the median 
concentration (0.250 μg/L) of AgNP exposure. Hypertrophy of endothelial 
cells along with blood vessel congestion was also observed. Reduced 
secondary lamellar length, lamellar erosion and thinning were observed at 
the highest concentration (5.000 μg/L).AgNP exposure also altered the 
shape of alarm cells. 
ii
In addition, hyperplasia and hypertrophy of goblet cells were observed at 
the highest concentration (5.000 µg/L) at 96 hr. AgNP exposure also 
induced a drop in the number (P< 0.0001) as well as the shape and size 
(p<0.0001) of goblet cells. Exposure to AgNP demonstrated an intense PAS 
positive reaction at the lowest concentration (0.031 µg/L). On increasing the 
level of exposure to 0.250 µg/L of AgNP, the intensity of PAS reaction was 
moderate. At 5.000 µg/L of AgNP, PAS reaction was intense (deep purple), 
while the number and size of these cells decreased. Staining with AB pH 2.5 
demonstrated an intense deep purple staining at the lowest and at the 
median concentration (24 hr). Moderate staining was seen at the higher 
concentrations. Muscle bundles with severe oedema, their thickening and 
separation were more pronounced in all treated groups. Histopathological 
tubular deformation and mononuclear cell infiltration were observed in 
kidney tissues. In addition; an increase in melano‐macrophage aggregation 
intensity was identified on the 48 hr in the treated groups. An increase in 
tubular epithelial cell regeneration/ proliferation, resulting in production of 
new epithelial cells which was indicative of recovering of kidney tissues from 
AgNP induced injury at 96 hr of exposure. Results presented here shows 
that fish respond to the presence of AgNPs. Several histopathological 
changes were observed in various fish tissues, which would serve a useful 
purpose in evaluating the toxic effects of AgNP synthesized via green 
synthesis methods.
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1CHAPTER 1: GENERAL INTRODUCTION
1.1 General remarks
Nanoparticles (NPs) are described as having physical and chemical 
properties which are different from their bulk material. This uniqueness in 
character provides nanoparticles with remarkable properties that are used 
for various applications (Ardani et al., 2017). NPs are divided into two main 
groups based on their formation (engineered and non-engineered). Non-
engineered nanoparticles present in the environment derive from natural 
events such as terrestrial dust storms, erosion, volcanic eruptions, and 
forest fires (Nowack & Bucheli, 2007; Cupaioli et al., 2014). Engineered 
nanoparticles (eNPs) are deliberately produced by man using many different 
materials, such as metals (including Ag, Zn, Au, Ni, Fe, and Cu) (Xu et al., 
2012).
Over the past few years there has been a dramatic increase in 
nanotechnology, NPs are produced and widely utilized in diverse areas of 
different industrial applications because of their high interfacial re-activity 
and unique physico-chemical properties (Loo et al., 2013). Nanotechnology 
(NT) has been applied in many industrial sectors, including environmental 
sciences and engineering. At the same time, a concern about the toxicity of 
NPs in the environment keep on growing.
21.2 Ethical Consideration
Experimental protocols for the study were presented and approved by 
Animal Ethics Screening Committee, Faculty of Natural Science, Walter 
Sisulu University.
1.3 Rationale
Nanomaterials (NM) are defined as naturally occurring or engineered 
particles that are less than 100 nm in any one dimension. Nanostructures 
form various shapes and sizes and have attracted researchers because of 
their unique applications in various fields such as electronics, catalysis, 
sensors, antimicrobial activities and targeted drug delivery (Vidhu & Philip, 
2014; Xu et al., 2014; Swathy, 2014; Hussain et al., 2016). The large 
surface to mass ratios of eNPs confer unique physical, chemical, electrical 
and optical properties that are suitable to many fields, including 
manufacturing, environmental remediation and biomedical application. eNPs 
are being used to develop innovative solutions to timeless dilemmas. For 
example, clinical scientists are investigating nanotubes as drug delivery 
devices, fullerenes as potential therapies for neurodegenerative diseases 
and nano-gold as a treatment for cancer (Roco, 2001). A number of eNPs 
exist due to various methods of synthesis, differing core materials and 
abundance of capping/coating agents. Factors such as size, aggregation 
state and chemistry of the various types of nanoparticles, which most 
influence their fate and toxicity, are yet to be determined with certainty.
3Furthermore, lack of human and environmental health information regarding 
exposure effects of eNPs and their degradation remains a concern. The 
presence and effects of toxic chemicals on the environment and water has 
become an important issue nationally. An increasing interest and concerns 
are being raised on the status quo of these substances in South Africa’s 
water sources and associated health effects that could be encountered by 
organisms that inhabit the affected water. A growing number of researchers 
indicate that many industrial chemicals, heavy metals, including engineered 
nanomaterials (eNMs), may interfere with the normal functioning of 
endocrine systems and health of wildlife (Fu et al., 1990; Sumpter & Jobling, 
1995). It is believed that the effects of these chemicals on normal 
functioning of the endocrine system is responsible for a number of 
developmental anomalies in a wide range of wildlife species from 
invertebrates to mammals, including human beings. Such effects have been 
documented for many wildlife species in both field and laboratory studies 
(Fu et al., 1990; Sumpter & Jobling, 1995; Jobling et al., 1993, 1998; 
Hontela et al., 1995; Nimrod & Benson, 1995; Owen, 2007; Wurl & Obbard, 
2004; Lovern et al., 2007).
As mentioned above, considerable attention has focused on the effects of 
NMs in the environment. Research eNMs has attracted a great deal of 
attention worldwide due to their unique properties and diverse 
nanostructures that arise at the nanoscale (Guo, 2009).
4The ecotoxicity of eNMs has been the subject of several reviews in the 
recent past (Handy et al., 2008; Kleine et al., 2008; Perez et al., 2009; 
Kahru & Savolainen, 2010). These reviews highlight the significance of 
understanding particle chemistry in the context of the bioavailability and 
ecotoxicity of eNMs.
However, the potential impacts of manufactured nanoparticles on health 
remain a concern. There are concerns about the possible effects of 
nanomaterials on the environment and the risk these nanoparticles may 
pose to human and aquatic health. It is shown that they can be 
administered to humans via several routes, including inhalation and 
ingestion, followed by their distribution in the bloodstream (Burch, 2002; 
Takenaka et al., 2001). eNMs are estimated to be components of numerous 
commercial products, and this number is expected to grow significantly in 
the forthcoming years. As the use of nanomaterials increases, concerns have 
to be raised regarding their potential eco-toxicological effects on the general 
physiology of fish, where chemical induced alterations are often irreversible. 
It is documented that minor disruptions in the cell-cell interaction and 
cellular signalling pathways that occur during early development can have 
major and permanent effects on subsequent development and eventually 
the reproductive function of the organism. Therefore, lack of data on the 
impact of nanomaterials in general on the environment and on wildlife in 
South Africa is a critical gap in our knowledge. With the rapid development 
of nanotechnology, the potential effects on the environment remains poorly 
understood.
5While studies concerning the mechanisms responsible for alterations in 
physiological functions following exposure to nanoparticles on aquatic life 
are continuing (Griffitt et al., 2007; Griffitt et al., 2008), it is important to 
investigate potential eco-toxicological impact of these nanomaterials. While 
the progress of nanotechnology innovations to date has been significant, 
numerous challenges still exist. The tremendous potential anticipated from 
nanoscale research development is still far from total realization. As 
indicated above, the improvement of nanotechnology will inevitably lead to 
the release of consistent amounts of NPs in the environment, with potential 
adverse effects on different organisms (Gottschalk et al., 2013; Liu et al., 
2014; Caballero-Guzman & Nowack, 2016; Peng et al., 2017). Therefore, 
eNPs must be investigated individually for their potential harm to the 
environment. The aquatic environment is particularly vulnerable as it likely 
to act as a sink for many of these particles (Scown et al., 2010). Many NPs 
are colloidal and remain suspended in the water column facilitating entry 
into aquatic organisms through skin, gills and gut. The majority of 
discharged silver nanoparticles (AgNPs) may partition into sewage sludge by 
advanced waste treatments, which can be used as fertilizer in agricultural 
soil. The fate of eNPs in the aquatic environment, their interactions with 
biotic and abiotic components and their potential to cause harm are all still 
poorly understood. In addition, information is needed on the interactions of 
NPs occurring at the molecular level in both the external and internal 
environment that will in turn affect NP uptake and toxicity (Canesi & Corsi, 
2016).
6Negative biological effects have been reported across all levels of aquatic life 
ranging from biochemical to behavioural and ecosystem effects. The green 
environmentally friendly processes in chemical technologies are becoming 
increasingly popular because of worldwide problems associated with 
environmental pollution (Thuesombat et al., 2014). A number of techniques 
are available for the syntheses of AgNPs: like ion sputtering, chemical 
reduction and sol gel (Bindhu & Umadevi, 2015). However, these syntheses 
methods involve the use of hazardous chemicals or high energy 
requirements, hence they are not environmentally friendly. As such, it is 
becoming necessary to emphasize alternative ways that are cost effective 
but also environmentally friendly. Techniques for obtaining NPs using 
naturally occurring reagents such as sugars, biodegradable polymers 
(chitosan), plant extracts and microorganisms as reductants and capping 
agents could be considered attractive for nanotechnology (Ahmed & Ikram, 
2015).
There is also need to responsively develop nanotechnology with balanced, 
transparent consideration of benefits and risks associated with particular 
eNPs in specific applications. Accordingly, there is a need to design and use 
eNPs that minimize potential adverse public and environmental health 
effects. Apart from need to design and use greener methods there is also a 
need to develop protocols for toxicity testing for these new chemicals.
7The goal of this study was, therefore to determine if biogenic synthesized 
AgNPs affect biological processes in adult zebrafish (Danio rerio) in vivo. 
Zebrafish have become one of the most widely studied model systems in 
developmental biology and this has led to sophisticated cellular and 
molecular approaches. In addition, many international organizations have 
adopted the use of zebrafish as a model organism for in vivo eNM 
toxicological testing and as an alternative model for exploring human 
diseases and physiology (Parng, 2005). 
Many aspects of zebrafish development have been described including early 
embryonic patterning (Kimmel, 1993), early development of the nervous 
system (Kimmel et al., 1994), and aspects of cell fate and lineage 
determination (Kimmel & Law, 1985). Embryonic development, biology and 
oocyte growth of zebrafish have also been described extensively in the 
literature (Streisinger et al., 1981; Warga & Kimmel, 1990; Okuthe & Fabian, 
2012; Okuthe, 2012). The advantages of using zebrafish include: production 
of a large number of eggs by a single female, rapid development of embryos 
(72hr), embryos are transparent and that they can easily reproduce under 
laboratory conditions.
81.4 Outline of the thesis
This thesis consists of five chapters. Each chapter represents a subsection of 
the thesis.
Chapter 1: General introduction
This section contains the general remarks and rationale of study. Here, 
nanoparticles are defined and brief accounts of their properties, applications 
and concerns about their rapid production are outlined.
Chapter 2: General Literature review
This chapter reviews the general water scarcity issue in South Africa. The 
definitions and techniques used in environmental toxicology and various 
interventions. Issues of pollution are also discussed. Secondly, a detailed 
elaboration about the different types of nanoparticles are described 
including the different methods of synthesis of nanoparticles with focus on 
silver nanoparticles, modes of action and entry into the aquatic 
environment. The chapter concludes by stating the aims and specific 
objectives of the study.
Chapter 3: Materials and methods
This chapter provides the general description of methods used in the study.
9Chapter 4: This chapter represents the general results, arising from the 
study.
Chapter 5:  Discussion
This is the final chapter of the thesis and provides a discussion of research 
findings, summary, concluding remarks and recommendations for future 
studies.
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CHAPTER 2: LITERATURE REVIEW
2.1 Environmental Water Quality and Management in South Africa
Water quality and quantity is an essential need for any developing country 
including South Africa. There is increasing concern that some industrial, 
agricultural, domestic and ecological water users are competing against 
each other. This competition has intensified the complexity and uncertainty 
of water resources management (EL-Fadel et al., 2017). Increased land use 
and urbanization have also resulted in larger amounts of waste water 
discharge from households, agriculture and industry, resulting in prominent 
risk of point and non-point source pollution (Zhou et al., 2016). Due to this, 
inland water ecosystems are threatened across the planet by dual pressure 
of anthropogenic activities and climate change (Bragazza et al., 2012; 
Williamson et al., 2014).
In South Africa, the National Environmental Management Act (NEMA) (107 
of 1998) was formulated to limit the levels of pollution and ecological 
degradation (Binns et al., 2001), to secure ecological sustainable 
development and use of natural resources while promoting justifiable 
economic and social development. The Department of Water Affairs (DWA) 
and other agencies responsible for natural resource management have been 
developing policies geared towards making decisions on resource use, 
protection and management. 
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More recently, the major driving force threatening water resources is climate 
change that alters the temporal and spatial variability of water availability 
(Stocker et al., 2013; Jeunesse et al., 2015; Chiarelli et al., 2016).There are 
several chemicals naturally available in the environment, while others arise 
from anthropogenic factors including the recent advances in manufacturing 
of eNPs. Assessment of toxic chemicals in aquatic environments, whether 
natural or engineered, requires specific criteria (Jooste, 2002). Until 
recently, in South Africa water quality guidelines for ecosystem protection 
have been derived from international toxicity data (DWAF, 1996). 
Environmental Water Quality (EWQ) promotes the combined use of water 
chemistry, biomonitoring and ecotoxicology. Water quality traditionally refers 
only to physical and chemical characteristics of water, whereas water quality 
objectives can encompass a broader range of characteristics, including flora 
and fauna, habitat flow and physical condition (Da-Silva, 2016). At the same 
time water quality can be defined as the microbiological, physical and 
chemical properties of water that determine its fitness for a specific use 
(WRC, 2014).Water quality monitoring programs are conducted using 
important assessment tools to receive increase use in water, whereby 
biochemical, genetic, morphological, and physiological changes in indicator 
species have been noted as being related to particular environmental 
stressors.
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Compared to the conventional chemical analysis of aquatic environmental 
surrounding substances, biomonitoring exhibits large number that makes it 
an appealing tool exerting unparalleled functions in the evaluation of 
environmental pollution, especially for pollution in aquatic ecosystems (Zhou 
et al., 2008).Here fish are often used because of their long life cycle, 
allowing the identification of both acute and chronic effects after exposure 
to toxic chemicals. Fish are also easily available, sensitive to their 
environment and have a wide distribution for repetitious sampling and 
comparison (Zhou et al., 2008).
Ecotoxicology is the branch ecology that looks at the effect of 
environmentally available substances on individual organisms (Jenny, 2000; 
Hutchinson et al., 2013; Selck et al., 2016). Here, toxicity tests are carried in 
the field and laboratory using animals to understand the risks that these 
contaminants pose to aquatic habitats. Toxicity testing is an essential tool 
for assessing the effect and fate of toxic chemicals in aquatic environments 
and in vivo (Shuhaimi-Othman et al., 2011). In evaluating the safety of 
chemicals and for regulatory purposes, it is necessary to have precise data 
on the chemical and its effects on organisms. Acute toxicity studies provide 
fast and valuable information for further investigation (Shuhaimi-Othman et 
al., 2011). Chronic toxicity studies evaluate long term effects; potential for 
reproductive effects and the early life stage and tissues of the test species, 
rather than measuring the minute amounts of the same substance in the 
water or the sediments of a river (Jenny, 2000). In this way a routine 
monitoring program can keep track for long periods of time.
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In South Africa, the National Environmental Management Waste Act 
(SANEMWA) of 2008 states that waste resulting in environmental pollution 
should be avoided and where it cannot be avoided altogether should be 
minimized and recycled or, alternatively, where possible be disposed of in an 
environmentally sound manner. In addition, the same section of the Act 
states that waste holders should take measures to ensure that waste does 
not endanger health or the environment.
2.2 The National Water Act (NWA)
The National Water Policy states that, there shall be no ownership of water, 
but only a right to its use or an authorization for its use (Binns, et al., 2001). 
The new policy and the management of water resources in South Africa are 
based on the principles of equity, efficiency and sustainability (Knuppe, 
2011). This implies that everyone has the right to have access to clean 
water (DWAF, 1997). NWA is the principal legal instrument governing all 
water resources in South Africa, and seeks to promote the efficient, 
sustainable use of groundwater in the public interest, and to protect aquatic 
and associated environments together with their biodiversity (Knuppe, 
2011). The National Water Act recognizes that the ultimate aim of water 
resource management is to achieve the sustainable use of water by all users 
(Knuppe, 2011).
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2.3 Aquatic toxicology
Aquatic toxicology is the branch of science that deals with qualitative and 
quantitative study of toxic compounds that can have positive or negative 
impacts on aquatic organisms at various levels of organization (Rand, 1995). 
Most aquatic toxicological studies are commonly done in aquatic 
environments (Relyea & Hoverman, 2006); increasing interest is due to the 
effects of toxic chemicals on non-target organisms. Eco-toxicologists are 
able to identify toxic chemicals that affect aquatic environments through the 
integration of laboratory toxicity tests and ecological frameworks (Relyea & 
Hoverman, 2006). Here studies may also provide limits of toxic chemicals 
that may be released into the environment and also identify suitable 
endpoints for toxicity studies.
In South Africa, aquatic toxicology has received much attention and results 
obtained shows that there is still a need to monitor the effects of toxic 
chemicals on aquatic environments (Dalvie et al., 2003). Current studies 
indicate that a number of toxic heavy metals are present in rivers, dams and 
other water bodies in South Africa (Jackson et al., 2007; Barrat & Combrik, 
2002). Limits have been set for most heavy metals, however there are no 
limits or testing protocols for engineered nano-metals compared to their 
bulk counterparts in South Africa.
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2.4 Nanoparticles
As mentioned in chapter 1 of this dissertation, NPs are described as particles 
with unique shapes and small size ranges from 1100 nm. Their unique 
properties are quite different from those of larger particles (Gurunathan et 
al., 2009). Compared with larger particles of the bulk material nanoparticles 
exhibit completely new or improved properties based on specific 
characteristics such as size, distribution and morphology (Yu, 2007). 
Recently, nanotechnology has become a popular term representing the main 
efforts of the current science and technology. Nanotechnology, which is still 
not a mature technology and thus, more appropriately called nanoscience, 
usually refers to research at the scale of 100 nm or less (NIH Roadmap 
Initiatives.http://nihroadmap.nih.gov/initiatives.asp).
Nanotechnology has been applied in many industrial sectors, including 
environmental sciences and engineering (Yan et al., 2017). Nanoparticle 
formation has been reported using chemical and physical methods. There 
are various methods for AgNPs formation such as sol-gel process, chemical 
precipitation, reverse micelle method, hydrothermal method, microwave, 
chemical vapour deposition and biological methods (Parvulescu et al., 2010; 
Murthy et al., 2010; Sharma et al., 2009). Nanotechnology itself is a general 
term that refers to the techniques and material for studying, designing and 
fabricating devices at the level of atoms in addition to molecules (Fent, 
2010). 
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The unique physical and optical properties of NMs have led to their 
application in various fields such as electronics, catalysis, sensors, and 
targeted drug delivery systems (Hussain et al., 2016; Vidhu & Philip., 2014; 
Xu et al., 2014). A nanoparticle is an object that behaves as a whole unit in 
terms of its transport and properties (Novak et al., 2012).
2.4.1 Environmental Nanoparticles
Environmental nanoparticles are divided into two main types: non-
engineered and engineered nanoparticles. Non-engineered nanoparticles 
present in the environment are derived from natural events such as 
terrestrial dust storms, erosion, volcanic eruptions, forest fires, 
photochemical reactions, simple erosion by plants and animals (Nowack & 
Bucheli, 2007; Buzea & Robbie, 2007; Cupaioli et al., 2014; Grillo et al., 
2015). Besides, from natural processes they may also be produced as by-
products of human activities. The way natural nanoparticles are dispersed in 
the environment have the same potentially harmful effects as those 
intentionally synthesized (Wakamatsu & Saloma, 2011).
Engineered on the other hand arises from synthesis using various methods 
such as gas processes that may include flame pyrolysis, through vapour 
deposition synthesis that may either involve electron, thermal or laser beam 
evaporation (Fent, 2010) or by colloidal or liquid phase method in which 
chemical reactions in solvents lead to the formation of colloids, molecular 
self-assembly and mechanical processes of size reduction including grinding, 
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milling and alloying (Fent, 2010). In addition NPs can intentionally be 
produced by using different materials, such as metals, metal oxides, non-
metals (silica and quantum dots), carbon (nanotubes and fullerene), 
polymers (alginate, chitosan, hydroxymethylcellulose, polyhydroxyalkanoates  
and poly-e-caprolactone), and lipids (soybean lecithin and stearic acid) (Ma 
et al., 2010; Rao & Geckeler, 2011; Xu et al., 2012; Wang et al., 2012; 
Kumar & Sawant, 2013; Probst et al., 2013; Paques et al., 2014).
2.5 Test chemical: Silver nanoparticles (AgNPs)
Silver nanoparticles, due to their physiochemical properties with high 
sensitivity, engage in several reactions such as biomolecular detection, 
catalysis, biosensor and medicinal field. Different products produced from 
silver have been known to have powerful inhibitory, bactericidal effects 
along with antimicrobial agent, anti-fungal, anti-inflammatory and anti-
angiogenesis activity (El-Chaghaby & Ahmad, 2011; Veerasamy et al., 
2011). Silver is mostly known as a commercialized nanomaterial with five 
hundred tons of silver nanoparticles produced per year (Larue et al., 2014) 
and this is estimated to increase in the next few years. Most pathogens are 
eliminated via silver as it has emerged as a potential antimicrobial agent 
(Sarker et al., 2015). This demonstrates that silver shows uniqueness in 
optical, electrical, and thermal properties; an advantage that is being 
incorporated into products that range from photovoltaics to biological and 
chemical sensors.
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Examples of such products include conductive inks, pastes with fillers which 
utilize silver nanoparticles for their high electrical conductivity, stability and 
low sintering temperatures. Additional applications include molecular 
diagnostics and photonic devices, which take advantage of the novel optical 
properties of these nanomaterials. An increasingly common application is the 
use of silver nanoparticles for antimicrobial coatings. Many textiles, 
keyboards, wound dressings and biomedical devices now contain silver 
nanoparticles that continuously release low levels of silver ions to provide 
protection against bacteria (http://www.Sigmaaldrich.com/material 
science/nanomaterials/goldnanoparticles.html). 
2.6 SYNTHESIS OF SILVER NANOPARTICLES (AgNPs)
2.6.1 The physical approach
Physical methods of synthesis, also termed as top to bottom approach (Fig. 
1B), break down larger particles into simpler substances by size reduction 
with various lithographics, e.g. grinding, milling, sputtering and thermal 
techniques (Ahmed et al., 2015). AgNPs can also be synthesized with laser 
ablation of metallic bulk materials in solution (Kholoud et al., 2010). The 
physical syntheses of AgNPs involve evaporation–condensation, which is 
accompanied by using a tube furnace at atmospheric pressure. The source 
material within a boat centred at the furnace is vaporized into a carrier gas. 
Nanoparticles of various materials, such as Ag, Au, PBS and fullerene, have 
previously been produced using evaporation/condensation techniques 
(Gurav et al., 1994; Kruis et al., 2000; Daniel et al., 2011; Samberg et al., 
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2010; Ahmed et al., 2015). However, the generation of AgNPs using a tube 
furnace has limitations, because a tube furnace occupies a large space, and 
consumes a lot of energy, while raising environmental temperature around 
the source material, which requires a lot of time to achieve thermal stability 
(Daniel et al., 2011; Samberg et al., 2010; Ahmed et al., 2015). The 
characteristics of the metal particles formed and the ablation efficiency 
depends upon the wavelength of the laser impinging the metallic target, the 
duration of laser pulses, laser influence, ablation duration and the effective 
liquid medium, with or without the presence of surfactants (Kholoud et al., 
2010). Laser ablation is terminated by the surfactant coating. The 
nanoparticles formed in a solution of high surfactant concentration are often 
smaller than those formed in a solution of low surfactant concentration 
(Kholoud et al., 2010). One advantage of laser ablation compared to other 
conventional methods for preparing metal colloids is the absence of 
chemical reagents in solutions (Kholoud et al., 2010). This method is highly 
limited due to imperfection in the surface structure of the final product.
2.6.2 The chemical approach
Chemical methods of synthesis involve the use of toxic as well as hazardous 
chemicals that are of biological risks in addition to being quite expensive and 
potentially hazardous to the environment. This type of synthesis is also 
termed as bottom to top approach (Fig. 1A). Here nanoparticles are 
synthesized using chemical and biological methods that gather atoms to new 
nuclei, which grow into a particle of nanoscale (Ahmed et al., 2015).
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Chemical reduction is one of the most frequently applied methods of AgNP 
synthesis. Commonly used reductants are sodium borohydride, citrate, 
ascorbate, elemental hydrogen tollen’s reagent N, N-dimethyl formamide 
and poly (ethylene glycol) block copolymers. The reduction of silver ions 
(Ag+) in aqueous solution generally yields colloidal silver with particle 
diameters of several nanometers. Initially, the reduction of various 
complexes with Ag+ ions leads to the formation of silver atoms (Ag0), which 
is followed by agglomeration into oligomeric clusters. These clusters 
eventually lead to the formation of colloidal Ag particles (Kholoud et al., 
2010; Tran et al., 2013; Iravani et al., 2014).
Synthesis often requires the use of protective agents to stabilize dispersive 
nanoparticles during the course of metal nanoparticle preparation. The most 
common strategy is to protect the nanoparticles with protective agents that 
can be absorbed on or bind into nanoparticle surface, avoiding their 
agglomeration (Kholoud et al., 2010; Safila et al., 2015), for example 
Kholoud et al., (2010) prepared dodecanethiol capped AgNPs, based on 
brust procedure (Iravani et al., 2014), that was based on a phase transfer of 
Au3+ complex from aqueous to organic solution in a two phase liquid–liquid 
system, followed by a reduction with sodium borohydride in the presence of 
dodecanethiol as a stabilization agent. The latter binds onto the 
nanoparticles’ surface avoiding their aggregation and making them soluble 
in some solvents (Iravani et al., 2014). 
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The latter study indicated that small changes in synthetic parameters lead to 
dramatic modifications in nanoparticle structure, average size, size 
distribution width, stability and self-assembly patterns (Iravani et al., 2014). 
AgNPs can also be prepared inside micro emulsion. The synthesis of AgNPs 
in two phase aqueous organic systems is based on the initial spatial 
separation of reactants (metal precursor and reducing agent) in two 
immiscible phases. The rate of subsequent interaction between the metal 
precursors with the reducing agent is controlled by the interface between 
the two liquids along with the intensity of interphase transport between the 
aqueous and organic phases, which is mediated by a quaternary alkyl 
ammonium salt. 
Metal clusters formed at the interface are stabilized by coating with stabilizer 
molecules occurring in the non-polar aqueous medium and transferred to 
the organic medium by the interphase transporter. This method allows 
preparation of uniform and size controllable nanoparticles. However, a 
highly toxic organic solvent is employed in this method (Safila et al., 2015). 
Capping agents are also used for size stabilization of the nanoparticles. This 
method is highly acceptable as large quantities of silver nanoparticles that 
can produced within a short period of time (Ahmed et al., 2015). This 
method allows the preparation of uniform and size controllable 
nanoparticles. However, a highly deleterious organic solvent is employed in 
this case, thus large amounts of surfactant.
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Furthermore, organic solvents which are added to the system must be 
separated and removed from the final product. As a result, it is expensive to 
fabricate silver nanoparticles by this method.
Figure 1: Protocols employed for synthesis of nanoparticles (a) bottom to 
top approach and (b) top to bottom approach (Ahmed et al., 2015)
2.6.3 The biosynthetic method
The green environmentally friendly processes in chemistry and chemical 
technologies are becoming increasingly popular and are much needed as a 
result of worldwide problems associated with environmental concerns 
(Thuesombat et al., 2014). Advanced nanotechnology is considered more 
attractive as it generates techniques for obtaining nanoparticles using the 
naturally occurring reagents such as sugars, biodegradable polymers, plant 
extracts (Fig. 2), microorganisms as reductants and capping agent 
(Kalishwaralal et al., 2010; Oluwafemi et al., 2013; Kharissova et al., 2013; 
Ahmed et al., 2015; Ahmed & Ikram, 2015).
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In addition, green syntheses compared with either chemical or physical 
methods provide advancement as they are simple, environmentally friendly, 
cost effective, easily scaled up for large scale syntheses of nanoparticles; 
secondly they do not need high temperature, pressure, energy and toxic 
chemicals, and finally result in more stable materials (Dhuper et al., 2012; 
Mittal et al., 2014). Biological methods are preferred as suitable for 
nanoparticle synthesis. For that reason; the use of plant extracts for this 
purpose is potentially advantageous over microorganisms due to the ease of 
improvement, the less biohazard and elaborate process of maintaining cell 
cultures (Kalishwaralal et al., 2010; Ahmed et al., 2015).
Three main steps have been evaluated based on green chemistry 
perspectives, including selection of solvent medium, selection of 
environmentally friendly reducing agent and selection of non-toxic 
substances for the silver nanoparticles’ stability. Moreover, use of plant 
extracts also reduces the cost of micro-organism isolation and their culture 
media. For instance, Raveendran et al. (2003) synthesized starch AgNPs 
using starch as a capping agent and glucose as a reducing agent in a gently 
heated system. The starch in the solution mixture avoids the use of 
relatively toxic organic solvents. Additionally, the binding interactions 
between starch with AgNPs are weak and can be reversible at higher 
temperatures, allowing separation of the synthesized particles (Amanullah & 
Yu, 2005).
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Figure 2: Protocol for synthesis of silver nanoparticles using plant extracts 
(Ahmed et al., 2015)
2.7 Characterization of AgNPs
Characterization of nanoparticles is necessary so as to understand and also 
control nanoparticle synthesis and applications. This is done using different 
techniques such as transmission and scanning electron microscopy (TEM, 
SEM), atomic force microscopy (AFM), dynamic light scattering (DLS), Xray 
photo electron spectroscopy (XPS), powder Xray diffractometry (XRD), 
Fourier transform infrared spectroscopy (FTIR) and UV–Vis spectroscopy 
(Kholoud et al., 2010; Ahmed et al., 2015; Tripathi, 2016; McGillicuddy et 
al., 2017). These techniques are used for determination of different 
parameters such as particle size, shape, crystalline, fractal dimensions, pore 
size and surface area. For instance, the morphology and particle size could 
be determined by TEM, SEM and AFM (Kumud et al., 2017).
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The advantage of AFM over traditional microscopes such as SEM and TEM is 
that AFM measures three-dimensional images so that particle’s height and 
volume can be calculated. Furthermore, dynamic light scattering is used for 
determination of particle size distribution. Moreover, Xray diffraction is 
used for the determination of crystallinity, while UV–Vis spectroscopy is used 
to confirm sample formation by showing the plasmon resonance (Oluwafemi 
et al., 2013; Kumud et al., 2017).
2.8 Application of AgNPs
Engineered silver nanoparticles have been used in biomedical applications 
especially as anti-bacterial agents in the health industry, food storage, 
textile coatings and a number of environmental applications (Ahmed et al., 
2015). It is necessary to note that regardless of decades of use, the 
evidence of toxicity of silver are still not clear. Products made with AgNPs 
have been approved by a range of accredited bodies including the US FDA, 
US EPA, Korea’s Testing, SIAA of Japan as well as the Research Institute for 
Chemical Industry plus FITI Testing and Research Institute (Veeraputhiran, 
2013). The antimicrobial properties of silver nanoparticles are often used in 
a wide range of applications from disinfecting medical devices and home 
appliances to water treatment (Li et al., 2007; Ahmed et al., 2015).
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Burn sites are usually treated with silver sulfadiazine creams to prevent 
infection. These creams display a broad biocidal effect against 
microorganisms through the disruption of their unicellular membrane, thus 
disturbing their enzymatic activities. In addition, one appliance company has 
included silver into their washing machines. Nano silver has recently been 
included in many consumer items such as baby pacifiers, acne creams, 
computer keyboards, clothing that protects from emitting body odour, in 
addition to deodorizing sprays and air freshener spray (Ribeiro et al., 2013; 
Ahmed et al., 2015). The optical properties of a metallic nanoparticle 
depend mainly on their surface plasmon resonance, where the plasmon 
refers to the collective oscillation of the free electrons within the metallic 
nanoparticle. As such, nanoclusters composed of 2–8 silver atoms can be 
used as optical data storage. Further, fluorescent emissions from the 
clusters may be used in biological labels and electroluminescent displays 
(Kholoud et al., 2010).
2.9 Silver Nanoparticles (AgNPs) mode of action and entry into the 
environment
AgNPs contaminate the environment via two processes commonly referred 
to as direct entrance, whereby AgNPs are applied to wastewater treatment 
and environmental remediation. The majority of discharged AgNPs may 
partition into sewage sludge by advanced waste treatments, which can be 
used as fertilizer in agricultural soil.
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Another process is indirect entrance: the environment is contaminated 
during manufacture, use, recycling and disposal of engineered nanoparticle 
containing products (Lowry et al., 2010; Nowack et al., 2012; McGillicuddy 
et al., 2017). NPs can gain entry into aquatic organisms through the 
respiratory system, because fish gills are directly exposed to the water 
column and through the diet of animals that feed on suspended matter or 
on other organisms previously exposed to NPs (Schirmer et al., 2013). Intact 
NPs may be transported into the cytoplasm by endocytosis, bio-accumulate 
through cell membrane ion transporters, reach bronchial epithelial cells by 
Na+ channels coupled to proton ATPase, travel to the basolateral membrane 
and block Na+/K+ ATPase influencing ion regulation of Na+/Cl- ions. AgNP 
aggregation may be through semi-permeable cell walls of organisms (e.g. 
plants, bacteria and fungi), and bioaccumulation through cell membrane ion 
transporters, similar to Na+ and Cu+ transport.
2.10 Toxicity of Silver Nanoparticles to aquatic organism
Heterotrophic prokaryotes constitute a key component in the functioning of 
aquatic microbial food chains and serve integral environmental functions 
(Azam & Malfatti, 2007; Pomeroy et al., 2007). Through their capacity to 
degrade organic matter and regenerate nutrients, this biological 
compartment plays an essential role in the transfer of matter and energy to 
higher trophic levels (Azam et al., 1983).
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Thereby, the potential impact of bactericidal AgNPs on aquatic heterotrophic 
bacteria might strongly affect their capacity to provide ecosystem services. 
Many studies have described the effects of AgNPs on model microorganisms 
such as bacterial pathogens of the genera Vibrio, Escherichia, and 
Pseudomonas (Dibrov et al., 2002; Holt & Bard, 2005; Xu et al., 2004; 
Dorobantu et al., 2015). Some results are now available on their potential 
effects on complex bacterial communities, in terms of diversity and 
abundance, in different environmental compartments (soil, sediment, and 
water) as reviewed by Osterheld et al., (2018). Currently, an increasing 
number of studies have focused on the effects of AgNPs on various microbial 
communities in different environments (from activated sludge to estuarine 
water) (Alito & Gunsch, 2014; Yang et al., 2014; Samarajeewa et al, 2017; 
Zhang et al, 2016a; Blakelock et al., 2016; Echavarri-Bravo et al., 2015; 
Antizar-Ladislao et al., 2015).
Although AgNPs are expected to have minor effects on human health and 
only affect prokaryotes, there is increasing evidence that AgNPs can be a 
threat to eukaryotic aquatic organisms as well. Interestingly, it was 
suggested that silver is the second most toxic metal for aquatic organisms, 
after mercury (Moreno-Garrido et al., 2015). Many studies have highlighted 
direct interactions (sorption) of AgNPs with the outer shell of microalgal cells 
(Huang et al., 2016a). The formation of aggregates on cell membranes may 
inhibit cell growth (Navarro et al., 2008) and alter cellular acquisition of 
essential nutrients (Bundschuh et al., 2016).
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Moreover, such sorption of AgNPs onto the cell surface may reduce rates of 
photosynthesis (Huang et al., 2016a). Further, Moreno-Garrido et al. (2015) 
suggested that the adsorption of nanoparticles on and in microalgae could 
increase their cellular weight and remove the microalgae from the photic 
zone, thus affecting the photosynthesis.
Contrary to bacteria, eukaryotic cells have specific organelles such as 
mitochondria and chloroplasts. As both these organelles are considered as 
ancient bacteria, AgNPs are expected to interact with them and inhibit their 
functions. eNPs can induce mitochondrial damages via a number of 
processes (Leonardo et al., 2016; Stensberg et al., 2014).
Zooplankton are heterotrophic planktonic organisms playing an important 
role in marine and freshwater food webs as they feed on microalgae and are 
a resource for consumers on higher trophic levels. Due to their role in the 
food web, interactions of zooplankton with environmental contaminants are 
highly important. In this regard, there is great interest in the effects of 
AgNPs on zooplankton, small crustaceans found in the sea and freshwater. 
Different studies reported on the impacts of AgNPs on zooplankton and 
observed that the main toxicity end points concerning AgNPs on these 
organisms are mostly increased mortality (Arulvasu et al., 2014; Chae & An, 
2016), reduced reproduction (Arulvasu et al., 2014; Sakka et al., 2016), and 
swimming alteration (Chae & An, 2016; Cupi et al., 2015).
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The toxic effects of AgNPs on fish species have equally attracted the 
attention of a large number of aquatic toxicologists, and early works 
demonstrated that early life stages were, as expected, much more sensitive 
than later stages and adults when exposed to dissolved and nanoparticulate 
silver (Bilberg et al., 2010, 2011; Choi et al., 2010; Cowart et al., 2011; 
Farkas et al., 2010; Wu et al., 2010). Most of these studies involved 
embryos at different stages, larvae and juveniles. Lee et al. (2007) 
mentioned that individual AgNPs were observed inside embryos at each 
developmental stage, and the toxicity of AgNPs and types of abnormalities 
of zebrafish highly depended on the dose of AgNPs.
A number of early studies highlighted the fact that high concentrations of 
AgNPs tend to interact and bind with fish gills inducing major undesired 
effects (Bilberg et al., 2010; Kwok et al., 2012; Griffitt et al., 2012, 2013; 
Wu & Zhou, 2013). Among them, Kwok et al. (2012) demonstrated that 
polyvinylpyrrolidone and citrate AgNP distributions on the gills of medaka 
embryos were ubiquitous, while smaller amounts were present in other 
organs such as the liver and brain. Based on their results, they concluded 
that although ingestion was common, the main uptake site for AgNPs in 
medaka remained in the gills. A significant thickening of the epithelial gill 
tissues was observed in sheepshead minnows, Cyprinodonvagiegatus 
(Griffitt et al., 2012).
31
Wu & Zhou (2013) showed that in medaka at high concentrations of AgNPs 
(0.5 mg L−1), lesions to the branchia became severe and the desquamation 
of lamellar epithelium and disruption of cartilaginous rod were prominent. 
They suggested that as gills are surrounded by aqueous media and mucus, 
AgNPs may be trapped and retained in the mucus, thus preventing their 
uptake. Accordingly, their results showed that exposure of medaka to 
polyvinyl-pyrrolidone AgNPs led to increased hyperplasia and mucus 
production, which could affect the uptake of AgNPs by the gills. Bilberg et al. 
(2010) observed the impairment of the tolerance to hypoxia in Eurasian 
perch Perca fluviatilis exposed to AgNPs and proposed that AgNPs may, by 
interacting with the gills, reduce their diffusion conductance, thus leading to 
hypoxia during low water oxygen tension. Although AgNPs can be ingested 
by adult fish and found in their guts, the other organ after the gills 
accumulating most of silver was the liver (Griffitt et al., 2012; Choi et al., 
2010; Wu & Zhou, 2013). 
Liver abnormalities included spongiosis, cyst, disruption of hepatic cord and 
apoptotic changes, hepatocyte enlargement, loosened liver parenchyma, 
disorganization of hepatocytes, focal necrosis, and focal lymphocytic 
infiltration. Choi et al. (2010) attributed the observed alterations to the 
presence of silver ions released.
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2.11 Selected target organ: gill
Gills perform a variety of physiological functions in adult fish, including 
respiratory gas exchange, ion and water balance, excretion of nitrogenous 
wastes and the maintenance of acid-base balance (Rombough, 2002). 
During respiration, water passed in through the mouth, over the gills and 
out through the operculum (Sari et al., 2016),flow through the gills is 
generally unidirectional and because water contains much less oxygen than 
air, ventilation rate is much higher than that in air-breathers. Water flow is 
driven by alternate expansion and contraction of the buccal and operculum 
chambers Sari et al., 2016). Gas exchange occurs between water, the 
surface of the secondary lamellae and blood flow, water flow are counter 
current (in opposite directions) (Rombough, 2002; Sari et al., 2016).
Teleost fish have four pairs of gill arches located in the opercula cavity, each 
gill composed of gill filaments (primary lamellae, two rows per arch) and 
secondary lamellae (two rows per filament). Water flows through slit-like 
channels between neighbouring lamellae (0.02 – 0.05 mm wide), and 
diffusion distance from the water to the centre of the Red Blood Cell (RBC) 
is approximately 8 µm (much more than in mammals) (Rombough, 2002). 
With counter current flow, a nearly constant gradient between water and 
blood gas partial pressures is maintained. Unidirectional water flow is 
generated by contraction of muscles which move the bottom of the buccal 
cavity up and down, and rhythmically open and close the opercula (gill 
covers).
33
In zebrafish, the secondary lamellae consist of one layer of epithelial cells, 
supported and separated by pillar cells (Menke et al., 2011). Oxygenated 
blood leaves the secondary lamellae by efferent lamellar arteries to feed the 
dorsal aorta, from where it is distributed to all tissues. Gills have afferent 
arterioles at the end of the primary lamellae and efferent arterioles at the 
bottom of primary lamellae. The epithelial cell layer is situated next to the 
surface of the lamella, chloride cells and mucous cells at the base of 
secondary lamellae, cartilage at the base of the primary lamellae, venous 
sinus next to the primary lamellae, which is forwarded to the secondary 
lamellae through the capillaries and pillar cells in the secondary lamellae 
(Sari et al., 2016).
2.12 Selected target organ: kidney
The kidney has two principal functions: to remove waste and maintain fluid 
homeostasis in animals. Through the basic functional unit, the nephron, it 
filters blood plasma through the glomerulus and reabsorbs water, ions, as 
well as other useful small molecules, such as glucose, through tubular and 
ductal epithelial cells. The nephron can be distinguished in embryos as 
young as two days old and can develop features of kidney disease that are 
remarkably similar to the corresponding diseases in humans before two days 
post fertilization (Diep et al., 2015). The zebrafish kidney is a suitable organ 
to determine the effects of AgNPs on aquatic vertebrates. This is because in 
zebrafish, the pronephros is structurally similar to that of mammals, contains 
similar cell types and performs similar functions (Diep et al., 2015). 
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Glomeruli, tubules and ducts arise from the intermediate mesoderm to form 
the pronephros of zebrafish (Drummond & Davidson, 2010). The renal 
interstitium contains hematopoietic cells. Endocrine cells (inter renal and 
chromaffin cells) can be found along the major blood vessels in the anterior 
part of the kidney (Menke et al., 2011). In addition, adult zebrafish have the 
ability to generate new nephrons throughout their lifetime (McCampbell et 
al., 2015).
2.13 Selected target organ: muscle
Fish and other higher vertebrates have three types of muscle cells: the 
striated, unbranched (voluntary musculature); the cardiac musculature, 
consisting of striated, branching (involuntary fibers) and the smooth 
unstriated (involuntary musculature). The skeletal muscle is multinucleated, 
the nuclei lie just beneath the membranous sarcolemma that sheathes the 
cell. Therefore, each cell contains longitudinal myofibrils that comprise of 
myofilaments. Red and white muscle fibers are also involved in swimming 
(Mumford et al., 2007). Red muscle lies as a wedge along the lateral line 
under the skin, and has higher lipid content when compared to white tissue, 
where higher respiratory activity takes place due to large number of 
mitochondria per cell. The red fibers are aerobic, slow-contracting and 
supplied with blood, whereas white muscle forms the greatest volume of 
body tissue. The white fibers are anaerobic, fast-contracting and fast-
fatiguing fibers (Mumford et al., 2007). Smooth muscles are long and 
tapering and are not attached to one another, end to end. 
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The cells of smooth muscles are parallel, but in adjacent bundles the cells 
may lie at right angles. Thin layer of smooth muscle and connective tissue 
are located in the collecting tubules with rodlet cell, tall columnar cells with 
basally located nuclei and no brush borders (Mumford et al., 2007).
2.14 Selected target organ: Skin
A considerable amount of literature has been published on the normal 
histology of fish integuments. The skin is composed of an epidermal layer 
and a dermal layer. The epidermis is the outermost layer of the skin, where 
the epithelial and secretory cells are distributed. Secretory cells comprise 
club and mucous cells (Lee et al., 2012). Different factors result in epidermis 
thickness; the body, age, sex, stage of reproductive cycle and environmental 
stresses. The epidermis of a yearling rainbow trout for example is 5 to 10 
cells thick; it consists of outer squamous and cuboidal cells and a basal 
germinal layer that gives rise to the differentiated cells outside.
A filament containing malpighian cell is the primary parenchymal cell of fish 
skin (Mumford et al., 2007). Mucus secreting cells are found in the 
epidermis of all fish, but the numbers vary greatly with site and species. 
These goblet cells usually originate in the middle layer of the epidermis. 
They increase in size and refine secretions (mainly glycoprotein) as they 
approach the surface. Other cells found in the epidermis include 
lymphocytes, macrophages and some species specific cell types (Mumford et 
al., 2007).
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In an investigation into dermis, Mumford et al. (2007) found that the skin 
zone between the epidermis and underlying muscle is composed of two 
layers of elaborate arrays of connective tissue. An upper layer is the stratum 
spongiosum, composed of a network of collagen, fibroblasts, pigment cells 
and phagocytic cells. Directly beneath is the stratum compactum, primarily a 
non-cellular layer, where a few fibroblasts intersperse between orthogonal 
bands of collagen. The plywood structure of the stratum compactum 
provides structural rigidity and flexibility from stresses impinging on the skin. 
Dark pigment melanophores containing cells in the dermis have large 
numbers of membrane bound electron dense granules of melanin pigment 
which can be moved within the cytoplasm of the cell to give a desired 
colouring and protective effect (Mumford et al., 2007).
2.15 Histopathology alterations as a marker for nanoparticle toxicity
Different methods have been used for the purpose of detecting and 
measuring the intensity of the impact caused by the presence of 
contaminants on aquatic ecosystems and the potential toxic effects of 
chemicals in these biomes. Currently, bio-indicators and biomarkers have 
been used in assessing the toxicity of chemical compounds of anthropogenic 
origin in impacted areas (Oliveira-Ribeiro et al., 2005).
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Moreover, histopathological biomarkers have shown to be excellent tools for 
monitoring the balance of the aquatic ecosystems (Winkaler et al., 2001) 
and for elucidating mechanisms of action in various types of stress agents 
on the physiological conditions of organisms (Zagatto, 2006). As such, 
pathological examinations have been recognized as useful tools for 
assessing the effects of pollutants in fish by examining them for 
morphological alterations in their bodies (Poleksic & Mitrovic-Tutundzic, 
1994).
Histological analysis on the other hand provides a fast and efficient process 
to express the health of organisms exposed to a contaminated environment. 
When coupled with other tools such as physical, chemical and toxicological 
properties of water, it is possible to gather more precise diagnosis of the 
environment under study and the possible reasons for the conditions 
observed, since the alterations in specific target organs may also express 
time of exposure to a specific stressor (Schmalz et al., 2002).
Histopathological alterations of specific organs express the conditions as well 
as represent endogenous and exogenous impacts on organisms that 
originate from alterations in lower levels of biological organization (Stebbing, 
1985). Currently, physiological along with histopathological biomarkers are 
used extensively for documenting and quantifying exposure, as well as the 
effects of environmental pollutants. As monitors of exposure, these 
biomarkers have the advantage of quantifying only pollutants that are 
biologically available.
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2.16 Standard test organism: The zebrafish, Danio rerio
Zebrafish is a tropical freshwater species. It is small in size with adults 
measuring about 4 cm in length (Fig. 3). The main benefits of using 
zebrafish as a toxicological model over other vertebrate species are with 
regards to their size, husbandry and early morphology (Gorelick et al, 2014; 
Lee, et al., 2015; Okuthe & Fabian, 2012). Zebrafish have been used for 
biomonitoring in the last decade. Besides their size, this species is invaluable 
because of its high fecundity and transparent embryos. One pair of adult 
fish is capable of laying 200  300 eggs in one spawn, and if appropriately 
maintained, they can provide this yield every 5  7 days. 
Additionally, as numerous fish are generally established for each genetic 
line, several pairs can be rotated to provide thousands of eggs daily and all 
year round (Gorelick et al., 2014; Lee et al., 2015). Zebrafish are also easily 
amenable to drug discovery screens as sentinels of environmental 
contamination, for toxicity testing, investigations into the mechanisms of 
action in pharmaceuticals and toxicants. The zebrafish model provides the 
opportunity to combine the power of rapid toxicology screens with the ability 
to study the association of exposure with long-term outcomes in a 
vertebrate, making zebrafish an invaluable complementary system for 
research in environmental health (Bambino & Chu, 2016).
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The small size of the larval and adult zebrafish minimizes costs through low 
quantities of dosing solutions (experimental chemicals, drugs, pollutants). 
This creates limited volumes of waste for disposal, minimizes quantities of 
labware and chemicals, both for treating as well as maintaining live fish for 
performing various assays (low quantities of reagents) and histological 
assessments (small amount of embedding materials and microscope slides).
Figure 3: Morphological structure of Zebrafish Danio rerio (Hill et al., 2003).
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2.17 Aim of the study
While regulations have been issued to protect aquatic organisms from 
soluble toxic metals, it is crucial to determine the toxicity of metallic 
nanomaterials on aquatic organisms. This situation is exemplified by the 
application of nano-sized silver particles, which are widely used due to their 
antibacterial and odour fighting properties and have been extensively 
applied in detergents and wound dressings that end up in the environment 
during waste disposal (Asz et al., 2006). Few researchers, however, have 
investigated the toxicity of metallic nanomaterials synthesized via green 
methods in aquatic environments (Asharani et al., 2008; Griffitt et al., 
2009). In this study, therefore, the adverse effects of the AgNPs synthesized 
via green methods on zebrafish were assessed using four reliable and 
representative target organs, i.e., the gills, skin, muscle tissue and the 
kidney. It is hoped that results emanating from this study will provide 
information about the utility and efficacy of AgNPs synthesized biogenically, 
on the management of antibiotic resistant bacteria as well as in aquaculture 
production systems.
2.18 Hypothesis
Null hypothesis: AgNPs synthesized biogenically do not reduce the level of 
toxicity in fish tissues.
Alternative hypothesis: AgNPs synthesized biogenically reduces the levels 
of toxicity in fish tissues.
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2.19 Specific objectives
To synthesize AgNPs using silver nitrate, gelatin and maltose as precursor, 
capping, and reducing agents, respectively. 
To determine the effects of the as-synthesized AgNPs on the morphology 
of selected target organs (the skin, muscle, gill and kidney) of fish. 
To evaluate the suitability of acridine orange in the quantification of cell 
death levels on fish kidney tissues following chronic exposure to AgNPs. 
To describe histochemical properties of fish epidermis following exposure 
to chronic AgNPs.
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CHAPTER 3: MATERIALS AND METHODS
3.1 Zebrafish maintenance
Adult zebrafish (Danio rerio) of undefined commercial strain were purchased 
from a local dealer (Northland Pets, Durban, South Africa). Fish were 
acclimatized for at least two weeks in a 40 L stock aquarium. Tanks were 
supplied with dechlorinated tap water and aerators to ensure sufficient 
oxygen dissolution. Fish were raised and maintained on a 14: 10 hr light: 
dark cycle at 28.4 ˚C and were bred in tanks as described by Westerfield, 
(1998). Mature fish were fed twice daily with freshwater Aquarium Flake 
food (Tetra Min, Germany). Uneaten food was siphoned from tanks before 
fresh food was given. Care and treatment of the animals was conducted in 
accordance with guidelines established by the Institutional Animal Care and 
Use Committee, Faculty of Natural Sciences, Walter Sisulu University and 
according to the Organization for Economic Development (OECD) guideline 
for testing chemicals (Sprague, 1969; OECD, 2013b; OECD, 2015b).
3.2 Chemicals
Silver nitrate (AgNO3), gelatin (99 %, Merck, Germany) and maltose (Fluka 
PG, CH-9470 BUCHS) were used as silver precursor, capping and reducing 
agents respectively. All reagents in this work were of analytical grade and 
were used as received without further purification.
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3.3 Green synthesis of maltose reduced AgNPs
In a typical synthesis, 1.0 g of gelatine was added to 95 mL of distilled 
water in a flask and the solution was stirred and heated at 40 o C to obtain a 
clear solution. 5 mL of a silver nitrate solution (1 M) was added to the 
gelatine solution with continuous stirring to obtain Ag+/gelatin solution. This 
was followed by the addition of 10 mL maltose solution (2 M) under 
continuous stirring. The solution was maintained at 40 o C and allowed to 
react for 24 hours.
3.4 Silver nanoparticle characterization
A Perkin Elmer Lamda 25 UVVis spectrophotometer was used to carry out 
absorption spectra in the 200  1100 nm wavelength ranges. Samples were 
placed in quartz cuvettes (1.0 cm path length). A JEOL 2100 transmission 
electron microscope (TEM) operating at 200 KV was used for TEM and 
HRTEM measurements.
3.5 Preparation of AgNPs suspensions
Doses of aqueous AgNPs were added directly into tank water to attain the 
required concentrations without further dilutions.
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3.6 Toxicity testing of AgNPs
Adult mature male and female zebrafish (standard length 28.1 ± 0.2 mm) 
were exposed to nominal concentrations of AgNPs (0.031 μg/L, 0.250 μg/L, 
5.000 μg/L) and a control for 96 hr under 24 hr static renewal system. From 
the stock solution, various concentrations used in the investigation were 
prepared by serial dilution using the formula C1V1=C2V2, where C1 means 
initial concentration; V1 means initial volume; C2 means final concentration 
and V2 means final volume.
The control group received aquarium water. Exposure treatments were 
conducted in 20 L aerated glass tanks, into which doses of AgNPs solutions 
were introduced. Fifteen randomly selected adult fish were exposed to each 
concentration and control (i.e. five fish per replicate that add up to 60 fish in 
total). During the exposure period, fish were not fed, given that 
nanoparticles would adhere to food particles. Debri was siphoned from each 
experimental unit daily (Fig. 4A). At 24, 48 and 96 hr of exposure, five fish 
from each concentration and control groups were used as samples for 
histopathological analysis.
3.7 Sample fixation and tissue processing
Fish from each concentration were sacrificed by anaesthetizing with 
tricaine methanosulfonate (MS222®, Sigma-Aldrich, St. Louis, MO, USA), 
at 4.2 ml tricaine stock solution in 100 ml tank water, as described by 
Westerfield, (1998). 
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Fish were individually measured for total length, the trunk and head regions 
were cut out before fixation. The trunk and head regions were fixed in 
Davidson’s solution overnight at room temperature, rinsed briefly with tap 
water and transferred directly to 70% ethanol. All fixed tissues were 
dehydrated through ethanol series, from 80% to 100%, and cleared in 
methyl salicylate (Sigma-Aldrich, St. Louis, MO, USA) before being 
embedded in Paraplast wax (Merck, Darmstadt Germany). Paraplast blocks 
were trimmed to the tissue surface and sections cut at a thickness of 3  5 
μm (Fig. 4B). Tissue sections were then floated in a water bath at 37 ˚C and 
placed on glass slides pre-treated with 2% 3-amino-propyl trietoxysaline 
(Sigma-Aldrich, St. Louis, MO, USA) in acetone. Tissue sections were then 
dewaxed in xylene, hydrated in ethanol series (Zheng et al., 2011) and 
stained with Harris modified hematoxylin and counterstained with eosin (see 
Appendix B). Images of stained material were acquired using a Leica DM 
750 fluorescent microscope (Leica Microsystems, GmbH, Germany), 
attached to a DFX 310 FX digital camera, and analyzed using Leica LAS 
imaging software version 4.5.
Consecutive sections of fish stained with H & E were also stained with 
Acridine Orange (AO) to investigate the level of cell death in fish kidney 
tissue (see Appendix B). Acridine Orange is a nucleic acid selective 
metachromatic dye, which emits green fluorescence upon intercalation with 
DNA and is widely used for detecting the sites of apoptosis in zebrafish. 
Acridine orange can permeate apoptotic cells and binds to DNA whereas 
normal cells are non-permeable to acridine orange. 
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Here tissue sections of selected target organs were hydrated as indicated 
above. Tissue sections were thereafter rinsed in distilled water and acetic 
acid for 30 min, rinsed in 0.5% acetic acid, in 95% ethanol and finally rinsed 
in two additional changes of absolute ethanol (Detrich et al., 2004).
3.8 Skin tissue Histochemistry
Alcian blue (AB pH 2.5) stain was used as alternative stain for skin tissue 
sections to determine the level of staining of carboxylated acid mucopoly-
saccharides and sulfated carboxylated glycoprotein. Tissue sections were 
deparaffinised and hydrated to different changes of ethanol. Skin tissue was 
then stained with Alcian blue for 30 minutes, rinsed in running tap and 
distilled water then counterstained in nuclear fast red solution (see Appendix 
B). Finally, tissues were rinsed with changes in ethanol and cleared in xylene 
(Crookham & Dapson, 1991). Periodic Acid Schiff (PAS) stain was used to 
differentiate glycogen in skin tissue. Same skin sections were stained in 
Schiff reagent for 15 minutes, washed in tap water for 5 minutes and 
counterstained in Mayer’s hematoxylen for 1 minute (Sigma 
Aldrich,MO.USA).
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Figure 4: Fish maintenance (a) and tissue sectioning (b).
3.9 Statistical Analysis
Statistical analysis was done with Prism Software (Graphpad Software 7.04). 
Data were expressed as mean or SD. One-way analysis of variance (ANOVA) 
was performed for multiple comparisons of the average number and size of 
goblet cells. A probability (P) of ˂ 0.05 was considered to indicate a 
statistically significant difference between experimental and control groups.
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CHAPTER 4: RESULTS
4.1 Synthesis of silver nanoparticles
Upon addition of the maltose solution under continuous stirring as a 
reducing agent, the colour of the Ag+/gelatin solution changed from 
colourless to dark brown indicating the formation of silver nanoparticles.   
The formation of AgNPs investigated using UV Vis spectroscopy. The 
appearance of the surface Plasmon resonance band at (Fig. 5A) displayed 
absorbance maxima peak for silver at 419 nm. The TEM micrographs (Fig. 
5B) indicated that the synthesised AgNPs were small, well dispersed and 
spherical in shape with narrow size distribution. The average particle 
diameter, as determined from the TEM micrograph was 3.76 ± 1.00 nm.
Figure 5: Absorption spectrum (A) and, TEM micrograph and size 
distribution (B) of gelatin-capped AgNPs.
Wavelength (nm)
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4.2 Histopathology of the gills
The morphology of the gills in Danio rerio is similar to that of other 
freshwater teleosts as described by Menke et al. (2011). Each gill consists of 
four branchial arches, which provide insertion to a double series of primary 
filaments. From each filament departs a double series of secondary lamellae 
characterized by a large flattened surface. In the current study, control 
groups showed normal architecture of the gill with compact gill epithelium, 
primary and secondary lamellae (Fig. 6A). A series of histopathological 
alterations occurred in the gills following treatment with AgNPs.
The most common lesions were; secondary lamellae hypertrophy, oedema 
and epithelial lifting, which was observed in all experimental groups (Fig. 6 B 
 J). Curling and clubbed tips of secondary lamellae were observed at the 
lowest concentration (0.031 μg/L) of AgNP exposure (Fig. 6B  D). 
Hyperplasia and lamellae fusion was most common at the medial 
concentration (0.250 μg/L) of AgNP exposure (Fig. 6E  G). Hypertrophy of 
endothelial cells along with blood vessel congestion was also observed. 
Reduced secondary lamellar length, lamellar erosion and thinning were 
observed at the highest concentration (5.000 μg/L) (Fig. 6H  J).
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Figure 6: Longitudinal sections of zebrafish gills from treatment with 
various concentrations of AgNPs, H & E stain. Scale bar = 50µm.
Images overleaf, legend below:
A, control; B  D, shows sections that were exposed to 0.031 µg/L, 24, 48, 
96hr respectively. EG shows sections that were exposed to 0.250 µg/L, 24, 
48, 96 hr respectively. HJ shows sections that were exposed to 5.000 µg/L, 
24, 48, 96 hr respectively.
Abbreviations: sl, Secondary lamellae; ct, clubbed tips; pv, pavement 
cells; hy, hyperplasia; ch, chloride cells; el, epithelial lifting; hp, 
hypertrophy; ed, oedema. Short arrows in Fig. 6E indicate thinning and 
elongation of secondary lamellae; Asterisk () Fig. 6F shows hyperplasia; 
Arrows Fig. 6G shows secondary lamellae erosion; Orange bracket show 
complete loss of gill lamellae epithelium; Arrow in Fig. 6I shows secondary 
lamellae curling.
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4.3 Histopathology of the epidermis
Histological structure of the skin consists of an epidermal layer and a dermal 
layer (Fig. 7A  C). The epidermis is the outermost layer of the skin, where 
squamous and cuboidal epithelial and secretory cells are distributed with 
well-developed nuclei. Secretory cells comprise alarm and mucous goblet 
cells. Goblet and alarm cells were located on the surface of the epidermis. 
Fish in the control group displayed a few normal sized goblet cells, with 
proper quantity of regularly shaped alarm cells in the epidermal layer (Fig. 
7A  C). Goblet cells appeared as blank (white) circles or acquired elliptical 
shape. Vacuolated alarm cells also appeared elliptical in shape (Fig. 7A  C).
Pathological lesions were observed in all experimental groups, especially 
from the highest concentration at 96 hr (Fig. 7D  I). AgNP exposure also 
altered the shape of alarm cells wherein the cells acquired irregular shapes 
(Fig. 7J  L). Shrunk cytoplasm led to the occurrence of intercellular spaces 
within these tissues. Hyperplasia and hypertrophy of goblet cells were 
observed at the highest concentration (5.000 µg/L) at 96 hr. 
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Figure 7: Longitudinal sections of zebrafish skin from treatment with 
various concentrations of AgNPs. H & E stain. Scale bar = 50µm.
Images overleaf, legend below:
A  C control; D  F, shows sections that were exposed to 0.031 µg/L, 24, 
48, 96 hr respectively. GI shows sections that were exposed to 0.250 µg/L, 
24, 48, 96 hr respectively. JL shows sections that were exposed to 5.000 
µg/L, 24, 48, 96 hr respectively.
Abbreviations: ac, alarm cells; gc, goblet cells; mu, mucous; white arrows 
in Fig. 7F shows taste buds cells; Asterisks() Fig. 7JL shows lacerated 
epithelium; Double sided arrow Fig. 7L indicate shrunk cytoplasm.
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Initial exposure to AgNP demonstrated an intense Periodic Acid Schiff (PAS) 
positive reaction at the lowest concentration (0.031 µg/L) (Fig. 8A  C). On 
increasing the level of exposure to 0.250 µg/L of AgNP, the intensity of PAS 
reaction was moderate (Fig. 8D  F). At 5.000 µg/L of AgNP, the intensity of 
PAS reaction was intense (deep purple), comparable to that seen at the 
lowest concentration (Fig. 8G  I) while the number and size of these cells 
had decreased.
Figure 8: Longitudinal sections of zebrafish skin from treatment with 
various concentrations of AgNPs. PAS stain. Scale bar = 50µm
Images overleaf, legend below:
A  C shows sections that were exposed to 0.031 µg/L, 24, 48, 96 hr 
respectively.
D  F shows sections that were exposed to 0.250 µg/L, 24, 48, 96 hr 
respectively.
G  I shows sections that were exposed to 5.000 µg/L, 24, 48, 96 hr 
respectively.
Abbreviations: ac, alarm cells; gc, goblet cells; mu, mucous; White 
arrows Fig. 8DE indicate irregularly shaped alarm cells.
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Staining with Alcian Blue (AB) pH 2.5 demonstrated an intense deep purple 
staining at the lowest concentration (24 hr 96 hr), median concentration  
(Fig. 9A  C, and 48hrD E) and moderate staining at the highest 
concentration (Fig. 9G I).
Figure 9: Longitudinal sections of zebrafish skin from treatment with 
various concentrations of AgNPs. Alcian blue (AB) stain. Scale bar= 50µm
Images overleaf, legend below:
A C shows sections that were exposed to 0.031 µg/L, 24, 48, 96 hr 
respectively.
D  F shows sections that were exposed to 0.250 µg/L, 24, 48, 96 hr 
respectively.
G  I show sections that were exposed to 5.000 µg/L, 24, 48, 96 hr 
respectively.
Abbreviations: ac, alarm cells; gc, goblet cells; mu, mucous; White 
arrows Fig. 9G indicates irregularly shaped alarm cells; Black arrow Fig. 9E 
represent collagenous fiber.
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4.3.1 Statistical analysis: for impact of AgNPs on Danio rerio skin
The homogeneous groups represent the effect of nanoparticles on the 
goblet cells. The same letter at different concentrations and at different time 
frames represents the same effect by the nanoparticles on the goblet cells 
(Fig.10). Secondly the concentration alone had an effect on the sizes of 
goblet cell as they increased size at 0.031 µg/L and 0.250 µg/L and reduced 
at 5.000 µg/L when compared to the control group. Also the duration alone 
had an effect on the size at 48hr it enlarged cell sizes than those at 24 hr 
but lesser at 96 hr which implies that at 96 hr the goblet cell have been 
acclimatised to the AgNPs Fig.10A  and table 2. Based on the number of 
GCs, AgNPs concentrations caused an increase at the lowest and median 
and dropped at highest concentration respectively. The duration caused 
fluctuations in the number of GCs (Fig.10 and table 1).
Numbers and sizes of GCs show that there was a variation due to duration 
and exposure levels (Table 3 and 4). Factor analysis shows that as the 
duration increased the size and shape of GCs became irregular and dropped 
(Table 4 and Fig. 11).
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Figure 10: Mean sizes (± SE) A and Mean number B of goblet Cells at four different concentrations of AgNPs across different 
time measures.
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Figure 11: Impacts of AgNPs on Zebrafish skin at different concentration; 
after 96hr of exposure.
Images overleaf, legend below
AC, upper part of a bar graph shows the impacts of AgNPs on the numbers 
of goblet cell 
DF, lower part of a bar graph shows the impacts of AgNPs on the sizes of 
goblet cell 
Small letters in the graph represent homogeneous group within the 
exposure period (af)
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Table 1:  Results showing mean numbers of goblet cells at different concentrations after 96 hr of exposure
Table 2: Results 
showing mean 
sizes of goblet cells at different concentrations after 96 hr of exposure
Size of GCs at 
0,0 µg/L
Size of GCs at 
0,031µg/L
Size of GCs at 
0.250µg/L
Size of GC at 
5,000µg/L
24 hours Mean 12,71 7,07 13,13 11,57
Std. Deviation 2,084 1,22 5,079 4,236
Std. Error 0,4913 0,2875 1,197 0,9985
48 hours Mean 14,13 15,85 16,15 8,256
Std. Deviation 2,453 2,369 2,192 1,382
Std. Error 0,5781 0,5585 0,5167 0,3257
96 hours Mean 13,9 15,5 13,73 6,403
Std. Deviation 1,99 1,609 1,516 1,583
Std. Error 0,4691 0,3793 0,3574 0,373
No of GCs at 
0.0 µg/L
No of GCs at 
0.031µg/L
No of GCs at 
0.250µg/l
No of GCs at 
5.000µg/L
24 hours Mean 11.17 20 18,94 12
Std. Deviation 3,148 2,275 2,287 2,086
Std. Error 0,7421 0,5363 0,5391 0,4918
48 hours Mean 12,67 13,17 18,89 9,556
Std. Deviation 2,275 2,065 2,298 1,423
Std. Error 0,5363 0,4868 0,5417 0,3355
96 hours Mean 12,56 10,83 11,28 14,67
Std. Deviation 2,617 1,339 1,074 2,635
Std. Error 0,6169 0,3157 0,2532 0,621
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Table 3: Results of a one way Anova on the mean number of goblet cells at different hours. * denotes 
significance at p< 0.05. SS indicate Sum of Squares; Df indicates Degrees of Freedom; MS indicate Mean Squares error; F 
indicates Factor analysis and P indicates probability.
SOURCE OF VARIATION SS DF MS F P 
24 hr Treatment (between columns) 1137 3 378,8 61,42 0,0001 *
Residual (within columns) 419,4 68 6,168
Total 1556 71
48 hr Treatment (between columns) 816,9 3 272,3 65,04 0,0001
Residual (within columns) 284,7 68 4,187
Total 1102 71
96 hr Treatment (between columns) 159,4 3 53,15 12,7 0,0001
Residual (within columns) 284,6 68 4,185
Total 444 71
Table 4: Results of a one way Anova on the mean sizes of goblet cells at different hours. * denotes significance 
at p< 0.05.
SOURCE OF VARIATION SS DF MS F P 
24 hr Treatment (between columns) 417 3 139 11,21 0,0001
Residual (within columns) 842,8 68 12,39
Total 1260 71
48 hr Treatment (between columns) 727,4 3 242,5 52,87 0,0001
Residual (within columns) 311,9 68 4,586
Total 1039 71
96 hr Treatment (between columns) 865,3 3 288,4 101,6 0,0001
Residual (within columns) 193 68 2,838
Total 1058 71
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 Table 5: Histopathological changes in fish exposed to AgNPs for 96 h were scored based on their severity ( none,   mild,  
moderate,  severe)                                                                                                                                                                                                             
Organ Pathological lesions types  
observed in each organ
0 g L 0.03 g L 0.25 g L 5.00g L
  24 h 48 h 96 h 24 h 48 h 96 h 24 h 48 h 96 h
Gills Hyperplasia of lamellae  + ++ +++ + ++ +++ + + -
Fusion of secondary lamellae  + ++ +++ + ++ +++ ++ ++ ++
Epithelial lifting  - + + + + + + ++ +
Epithelial hypertrophy   - + ++ + ++ +++ + + -
Telangiectasis  - - - - - - - - -
Clubbed tips of secondary lamellae  + - ++ - - - - - +
Fluorescence acridine orange stain  + + + - + + + + +
Kidney Renal tubule separation   + + + + ++ +++ + ++ +++
Bowmans space enlargement  - + ++ + ++ ++ + ++ ++
Fluorescence acridine orange stain   - - - ++ ++ - - + +
Epidermis Irregular structure  + ++ +++ + ++ ++ + ++ ++
Piknotic nuclei  + + ++ + + ++ + + +
Shrunk cytoplasm  - - - - - + - - +
PAS           
AB (pH 2,5)          
Muscle Enlarged extracellular Space           
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4.4 Pathological observations of the muscle
Muscles were composed of elongated muscle fibres, held together by 
connective tissues. Many individual muscles demonstrate an arrangement of 
fibres into bundles separated from each other by connective tissue portions. 
Muscle tissue showed normal architecture in control tissues with compact 
muscle fibre and spindle nucleus. Muscle fibres were also separated by 
connective tissue (Fig. 12A). In AgNP exposed groups, vacuolar 
degeneration and atrophy of muscle bundles were observed. Thickening and 
separation of muscle bundles with severe intracellular oedema was also seen 
from 24 to 96 hr and at the lowest concentration (0.031 µg/L). Thinned and 
shortened muscle bundles including degeneration of muscle tissue increased 
after 24 hr of exposure at 0.250 µg/L of AgNP, wherein the muscle tissue 
exhibited dystrophic changes with marked thickening and separation of 
muscle bundles (Fig. 12 E  G). Severe splitting and increased intracellular 
space and necrosis were evident. Vacuolar degeneration in muscle bundles 
and atrophy were observed at the median and highest concentrations after 
48 hr. Overall, the muscle seems to have lost the myoseptum that separates 
each myotome. Notable changes of broken myofibrils were seen and gap 
formation between muscle bundles lead to degeneration in muscle bundles 
accompanied with focal areas of necrosis as well as atrophy (Fig. 12C J). In 
summary, oedema between muscle bundles and splitting of muscle fibres 
were seen at 24  48 hr at all concentrations.
67
After 24 hr of exposure to the lowest concentration of AgNP the muscle 
tissue exhibited dystrophic changes with marked thickening and separation 
of muscle bundles. Intramuscular oedema was a common feature at the 
highest concentration at 48 and 96 hr of treated fish.
Figure 12: Transverse sections of zebrafish muscle from treatment with 
various concentrations of AgNPs. H & E stain. Scale bar = 50µm
Images overleaf, legend below:
A, control, B  D, shows sections that were exposed to 0.031µg/L, 24, 48, 
96 hr respectively. EG shows sections that were exposed to 0.250 µg/L, 
24, 48, 96 hr respectively. HJ shows sections that were exposed to 5.000 
µg/L, 24, 48, 96 hr respectively.
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4.5 Pathological observations in the kidney
Control groups displayed normal histological structure of renal tubules in 
kidney tissues (Fig. 13A). Analysis of histological sections indicated 
glomerular shrinkage, blood congestion, increase in the number of 
inflammatory cells between tubules and interstitial tissues. Severe 
degeneration in the tubules, vacuolization, and macrophage aggregation in 
interstitial tissues were also observed. The renal cortex in kidney tissue from 
the treated group exhibited a swollen epithelium and cytoplasm containing 
numerous membranous vacuoles, with some nuclei showing hypertrophied 
nucleoli. Observed lesions included necrosis in the haematopoietic tissue and 
individual renal tubules with separated epithelia.
These results are described below:
At the lowest concentration (0.031 μg/L), injuries to renal tissues were mild 
at 24, while at 48 hr damage to the tubular basement membrane was 
evident. At 96 hr, damage was severe compared with that seen at 48 hr 
(Fig. 13 B  D). At the median concentration (0.250 μg/L), features of 
tubular blockage, interstitial oedema and mononuclear inflammatory cells in 
the interstitial space were common at 24 hr of exposure. At 48 hr, necrosis 
of tubular epithelium and severe inflammatory infiltrate were evident, 
including narrowing of tubular lumen. At 96hr, severe oedema of the 
interstitium, damage to the tubular basement membrane and diffuse severe 
mononuclear inflammatory cells was seen. Hyaline degeneration in tubular 
epithelial cells was also seen (Fig. 13E  G). 
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In the highest concentration (5.000 μg/L), degeneration of the epithelium 
and vacuolization were common at 24hr (Fig. 13E). Basophilic clusters were 
also seen adjacent to renal tubules. At 48hr, renal tissues appeared to be 
recovering from AgNP induced injury, with an increase in tubular epithelial 
cell regeneration/ proliferation, resulting in production of new epithelial cells 
(Fig. 13 I & J).
Figure 13: Transverse sections of zebrafish kidney from treatment with 
various concentrations of AgNPs. H & E stain. Scale bar= 50µm
Images overleaf, legend below:
A, control. B  D, shows sections that were exposed to 0.031 µg/L, 24, 48, 
96hr respectively. EG shows sections that were exposed to 0.250 µg/L, 24, 
48, 96 hr respectively. HJ shows sections that were exposed to 5.000 µg/L, 
24, 48, 96 hr respectively.
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Abbreviations: pt, proximal convoluted tubules; ct collecting tubule; 
dt,distal convoluted tubule; gl, glomerulus; white arrows Fig. 13B indicate 
degeneration of renal tubules (tubular basement membrane); orange circles 
at Fig. 13B shows glomeruli; orange circle Fig. 13C indicate lacerated 
epithelial cell of the diastole tubules; white circle Fig. 13C indicate erosion of 
brush border of the lumen tubules; Asterisk () Fig. 13D represent damaged 
proximal tubules; orange circle in Fig. 13D indicates lacerated epithelial cell 
of the diastole tubules; orange circle Fig. 13I&J shows restoration of cell 
tubules; neonephron with visible lumen. orange circle at Fig. 13G indicates 
appearance of brush border in proximal tubules; epithelial cells have picnotic 
nuclei.
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4.5.1 Fluorescent staining: Acridine Orange (AO)
To detect cell death by a conventional method in Paraplast embedded 
zebrafish kidney tissues, acridine orange (AO) staining was performed. AO is 
cell-permeable and interacts with DNA and RNA by intercalation or 
electrostatic attractions, which allows us to readily identify engulfed 
apoptotic cells, because it will fluoresce upon engulfment. There were 
distinct differences between the exposure groups and the control group. 
Tissues of treated groups showed levels of cell death that increased in a 
dose dependent manner. The yellow and orange fluorescent staining 
increased in a dose-dependent manner, however at 48 hr at the highest 
concentration, the intensity of green fluorescence was observed in tubules 
(Fig. 14).
Figure 14: Transverse sections of zebrafish kidney from treatment with 
various concentrations of AgNPs. AO stain. Scale bar= 50µm
Images overleaf, legend below:
A, control. B  D shows sections that were exposed to 0.031 µg/L, 24, 48, 
96 hr respectively. EG shows sections that were exposed to 0.250 µg/L, 
24, 48, 96 hr respectively. HJ shows sections that were exposed to 5.000 
µg/L, 24, 48, 96 hr respectively.
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CHAPTER 5: DISCUSION
Silver nanoparticles are mostly used as preservatives and consumer 
products, mainly because of their strong antibacterial activity. AgNPs, 
categorized at a nanoscale, are expected to have many physical and 
chemical properties that are different from those of their bulk particles. 
However, the novel properties of these particles require study, especially 
because of their potential effects when exposed to organisms, including 
aquatic organisms. One of the unique properties of nanoparticles in general 
(AgNPs in particular) is their minute diameter, in comparison with that of 
their bulky counterparts. Because of the ultrafine particle size, AgNPs are 
able to penetrate deep into organs and, therefore, alter normal metabolic 
and bodily functions. On the contrary, naturally occurring nanoparticles 
usually form aggregations, agglomerations, or complexes with other 
substances, such as natural organic materials. These complexes aggregate 
thus reducing the size, their toxicity or other adverse effects on aquatic 
organisms. This study was initiated to enhance our understanding on the 
toxicity of silver nanoparticles synthesized via completely green methods on 
organ integrity in adult zebrafish. Results demonstrate toxicity of AgNP on 
the epidermis, gills, muscle tissue and the kidney.
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5.1 Synthesis of AgNPs
The synthesis of AgNPs used for this investigation was carried out via a 
simple completely green method involving the use of biocompatible, 
biodegradable and renewable materials without the use of any accelerator. 
This was done to prevent further toxicity that could arise through the use of 
materials associated with environmental toxicity, which could have impacted 
on results of the current investigation. Silver nitrate, gelatin and maltose, a 
nontoxic disaccharide sugar were used as silver precursor, stabiliser and 
reducing agent respectively, while water was used as the solvent. The as-
synthesised AgNPs were highly stable, biocompatible and uniformly 
dispersed in the solution. This solution remained stable without any 
precipitation even after 8 months. The absorption spectra of the solution 
recorded immediately after preparation and after 8 months of storage, 
confirmed the good stability of the samples. This stability and dispersity was 
attributed to the effective passivation by the gelatin used as the capping 
agent.
Gelatin was used as the stabiliser because of its biocompatibility and 
biodegradability. The amine pendant groups on the gelatin backbone 
stabilize the nanoparticles and prevent them from aggregation. In the 
current study Transmission Electron Microscope (TEM) micrographs 
confirmed the good dispersity and smaller sized nature of the as-synthesised 
AgNPs while the clear and uniform lattice fringed in the HRTEM confirmed 
that the spherical particles were highly crystalline.
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5.2 Pathological observation in the gills
Results presented here show that AgNPs caused similar/identical types of 
injuries in fish gills at all concentrations. As expected, greater severity of gill 
injury was seen at higher concentrations. Fish gills are sensitive to both 
chemical and physical changes of surrounding water and this concept of 
morphological alterations of fish gills after exposure to AgNPs were similar to 
those described for their bulk forms (Handy & Maunder, 2009; Smith et al., 
2009). These morphological alterations resulting from NPs and other 
environmental pollutants have been widely documented (Federici et al., 
2007). Several studies have been published on the effects of AgNPs on gill 
tissues however; most of these reports have focused on NPs synthesized by 
either physical or chemical methods. Similar studies have also evaluated 
toxicity of AgNPs of different sizes, synthesized via biological methods using 
a variety of organisms, including plant materials, making comparisons with 
results of the current study very difficult. That notwithstanding, most of 
these studies on both Ag+ and AgNP toxicity to zebrafish, AgNPs have been 
reported to be less toxic compared to their bulk forms (Gornati et al., 2016). 
Results presented here clearly demonstrated that short term exposure (96 
hr) to low concentrations of AgNPs resulted in gill, epidermal and muscle 
morphology alterations. Heavy metals, including nanoparticles, are well 
known respiratory and ion regulatory toxicants in fish (Owen & Depledge, 
2005; Scuderi et al., 2014) and there is some evidence that water borne 
exposure to metal NPs may also result in particle accumulation in or on 
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epithelial cells (Federici et al., 2007).Because of their small size, 
nanoparticles may be internalized by cells upon coming in contact with gill 
epithelium. In the current study, several morphological alterations were 
observed in D. rerio gills. These included lesions such as epithelial 
hypertrophy, hyperplasia lifting, and curling, including clubbed tips of 
secondary lamellae. These results are consistent with some previous 
findings on the effects of AgNPs on fish gills Temmink et al. (1983). 
Alterations in tissue architecture can easily interfere with the 
morphophysiology of these organs, impairing their normal functions. 
Histopathological lesions in fish gills such as epithelial hypertrophy, 
hyperplasia lifting and curling have been described also in fish species 
exposed to AgNPs and other toxicants (Wu et al., 2013; Albairyuty et al., 
2013). 
Hyperplasia of the secondary epithelium for example, often occurs in fish 
gills after exposure to toxicants and is frequently reported in fish after 
exposure to Ag+ and AgNPs (Handy, 2008) including other metal ions and 
organic molecules (Wilson & Taylor, 1993). These reports are consistent 
with findings of the current study. Epithelial shortening and fusion of gill 
lamellae reduce contact of gills with water, which results in reduced gas, 
and iron exchange. Hyperplasia of the epithelial cells on the other hand 
could indicate an increase in cellular metabolism aimed to repair the sub-
cellular damage or may be related to cellular detoxification attempts, which 
require, for instance, a greater synthesis of metallothionein (Heath, 1995).
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However, thickening of the secondary epithelium greatly increases the blood 
to water diffusion distances thus affecting gas and ion transfer, as 
previously reported in other species after exposure to Hg (De Oliveira 
Ribeiro et al., 2002). The epithelial surface of both the filament and lamellae 
is altered by the reduction and/or loss of PVCs apical microridges; these 
cytoplasmic folds, in basal conditions, mechanically enhance the surface for 
respiratory exchanges and are assumed that they also play a role in osmotic 
regulation (Pandey et al., 2008). Oedema also appears to be a common 
feature of the gill pathology for non-metals, and for dissolved metals 
(Bilberg et al., 2010). This is usually explained by inhibition of the branchial 
Na+, K+ ATPase, which leads to solute accumulation in the epithelial cells 
and the osmotic influx of water. This explanation may be applicable to the 
findings of the current study since AgNPs are known to inhibit branchial Na+, 
K+ ATPase (Bilberg et al., 2010). Mild oedema was observed in gill tissues in 
the current study and may be interpreted as defence responses to AgNP, as 
described by Heath (De Boeck et al., 2001).
Besides the epithelial alterations, disorganization of the lamellar blood space 
due to pillar cells degeneration in experimental groups was also detected. 
Alterations in pillar cells have been reported after exposure to both organic 
and inorganic compounds (De Oliveira Ribeiro et al., 2002), and to heavy 
metals (Brunelli et al., 2011). Alteration of cells controlling blood contributes 
to increased lamellae blood flow, leading to the appearance of aneurysms 
(Brunelli et al., 2008).
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Epithelial detachments and lifting is one of the most common responses to 
pollutant exposure in freshwater fish (Vutukuru & Basani, 2013). This 
detachment of the epithelial surface cells has also been reported in the 
secondary lamellae of fish after exposure to AgNP (Wu et al., 2013) as was 
observed in the current study. Epithelial lifting apparently results from 
oedema of the secondary lamellae (Fanta et al., 2003). These observations 
imply a cellular contamination attempt and are in line with the 
histopathological alterations described above. In fact, in the present study, 
gills from the high concentration group showed visible signs of epithelial 
degeneration, whereas in specimens from the lowest concentration group 
the gill morphology was still maintained. 
Hyperplasia, fusion and lifting of the gill epithelium as demonstrated in the 
current study suggests that AgNPs, like other metal nanoparticles, could also 
compromise oxygen uptake and contribute to a systemic hypoxia. Recently 
Bilberg et al. (2010) showed that exposure to silver NPs can reduce O2 in 
fish blood. Lifting of the lamellar epithelium is one of the most frequent 
injury observed in fish gills in the current study and was observed in all fish 
gill tissues examined. Gill filament thinning was seen at higher 
concentrations and may be due to a decrease in the number of mucous cells 
or to cell necrosis (Fanta et al., 2003; Arellano et al., 1999), while epithelial 
thickening has been attributed to the appearance of macrophages and other 
leucocytes integrated in a compensatory response of tissue repair in other 
studies (Laure & McDonald, 1985).
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Nonetheless, animals with acute branchial oedema and epithelial lifting as 
demonstrated in the current study would be unlikely to survive in the wild if 
faced with other environmental stressors.
5.3 Pathological observation in the epidermis
Fish mortality was not observed in all experimental and control groups. 
However, histopathological analysis of tissues showed that AgNPs have 
potentially adverse effects on exposed fish. As shown in Figure 7, 
histopathology of skin samples showed an increase in the number and size 
of mucous and alarm cells, as well as vacuolation of the epithelium. Mucous 
and alarm cells located in the epidermal layer of the skin are responsible for 
the excretion of waste, respiration, disease resistance, communication, and 
other protective functions (Shepard, 1994). An increase in the number and 
size of these cells may be a necessary response of the body to counteract 
the effects of exogenous chemicals, such as nanoparticles. However, should 
NP concentration exceed the resistance level of the skin and excretory 
system; they may have adverse effects on fish cells. Malfunctioning or 
injured skin may also cause NPs to have a fatal effect on fish.
Similar lesions on epidermal epithelium have been reported in the starlet 
Acipencer ruthens exposed to heavy metal pollution (Poleksic et al., 2010), 
and in the Siberian sturgeon (Acipenser baerii) exposed to silver and copper 
NPs (Ostaszewska et al., 2016).
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Swelling of goblet cells including mucus secretion in the epidermal layer has 
been reported in other fish species exposed to AgNPs (Smith et al., 2007; 
Federici et al., 2007). An increased mucous production is a first defence 
mechanism and is often followed by lack of production manifested by 
emptied, exhausted mucous cells, and finally complete lack of this cell type, 
showing continual degradation of the environmental conditions that lead to 
chronic changes.
5.4 Pathological observation in the muscle
Muscles in fish play an important role in swimming and damage to skeletal 
muscle may lead to reduced swimming capacity. Like epidermis, muscle 
tissue also comes in close contact with pollutants dissolved in water. In the 
present study the histopathology of muscle showed progressive damage in 
the structure of muscles with increasing concentrations of AgNP and 
duration of exposure. Similar observations have been reported in the muscle 
tissue of the fish exposed to increasing concentrations of heavy metals and 
pesticides (Das & Mukherjee, 2000). For example, fish treated with AgNPs 
showed a notable thickening and separation of muscle bundles with severe 
intracellular oedema (see Fig. 12).
Fatma (2009) reported the degeneration of muscle bundles with aggregation 
of inflammatory cells between them and focal areas of necrosis; also 
vacuolar degeneration and atrophy of muscle bundles in fish exposed to 
different pollutants. 
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The findings of the present study are similar to those reported by  Fatma 
(2009). Similarly, vacuolar degeneration in muscle bundles and atrophy of 
muscle bundles were observed. Alterations in the muscles of several species 
of fish exposed to heavy metals have been described by other researchers 
(Oliveira-Ribeiro et al., 2002; Thophon et al., 2003; Gupta & Srivastava, 
2006; Kaoud & El-Dahshan, 2010) and are in agreement with results of the 
present study. In general, metals have been reported to impact on the size 
of skeletal muscle fibers in fish as reported by Al-Bairuty et al. (2013). These 
findings are consistent with observations of the current research. 
Notwithstanding, impact on skeletal muscle fibers may impact on swimming 
speed and muscle biochemistry.
5.5 Pathological observation in the kidney
The kidney is described as vital organ, whose primary function is to maintain 
homeostasis. It is involved in the removal of waste from the body including 
selective reabsorption, which helps maintain pH and blood volume, body 
fluids and erythropoiesis. As such, the kidney is often one of the first to be 
impacted by contaminants in water. In the present study, nanoparticle 
induced stress was observed; various histopathological alterations were 
observed in the fish kidney. There are relatively few reports of renal 
pathology from waterborne AgNPs synthesized via green methods in 
zebrafish, but the pathologies reported here, included some damage to the 
epithelial cells of the renal tubules, changes in the bowman’s space, and an 
increase in the foci of melano macrophage deposits (see Fig. 13).
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These pathologies are broadly similar to previous reports on fish. For 
example, in Oreochromis niloticus following 7 days of exposure to 46 mg L1 
copper, injuries included tubular swelling, atrophy of the glomerulus, and 
necrosis of the renal epithelium (Kosai et al., 2009). Nano copper showed 
similar types of renal pathology as CuSO4 (see Fig. 13). A separate study in 
mice has also shown damage to renal proximal tubules, and swollen 
glomeruli accompanied by loss of extracellular space in the bowman’s 
capsule after 72 hr of oral average of 108 – 1080 mg kgˉ1 Cu-NPs (Chen et 
al., 2006); and while some details may be different, these pathologies are 
broadly consistent with the findings here in zebrafish. However, it is 
uncertain if the pathologies from the AgNPs are caused by direct target 
organ toxicity from internalized metal in the renal tissue, or an indirect 
effect. In freshwater adapted teleost fish, the osmoregulatory strategy is to 
produce a large volume of dilute urine to compensate for the osmotic influx 
of water across the body surfaces. Renal filtration rate is therefore critical to 
survival.
It is reported that doubling in the size of the Bowman’s space with AgNPs 
may indicate water being drawn osmotically into the space, presumably from 
glomerular filtration, but not moving along the obstructed tubule lumens 
(damaged epithelial cells) and it seems as such urine flow would be 
compromised (Shaw et al., 2012). Another notable effect of AgNPs on renal 
pathology was an increase in the number of melanomacrophage deposits 
compared to the unexposed control. 
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This could be largely due to haematopoietic response being well known for 
metals in fish kidney (Handy, 2003), but the observed AgNP effect implies 
there may be some additional inflammation stress on the haematopoeitic 
system with AgNP. However, with so little known about the effects of metal 
AgNPs synthesized via green methods on the renal physiology of fish, more 
studies are needed.
Apart from histopathology, an estimation of cell death on kidney tissues was 
carried out using acridine orange stain following exposure to AgNPs. The 
process of programmed cell death and its most frequent form, apoptosis, is 
a critical feature of regulated development of multicellular organisms. 
Apoptosis, a type of programmed cell death, is described as an active 
process. It is a normal component of the development and health of 
multicellular organisms. 
In the current study it was considered worthwhile to determine whether 
exposure to AgNPs would induce cell death in zebrafish fish kidney. 
Apoptosis, or programmed cell death, plays an important role during 
development in multicellular organisms (Oppenheim 1991; Wyllie et al., 
1980) and can contribute significantly to certain disease processes and 
pathological situations (Ameisen et al., 1995).
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Apoptosis can be recognized by a set of morphological features that include 
loss of cell volume (Lockshin & Beaulaton, 1981), blebbing of the plasma 
membrane, and compaction of chromatin into dense masses that lie at the 
periphery of the nucleus or, in other cases, condensation of the entire 
nucleus into a dense ball with the chromatin distributed evenly throughout 
the nucleus (Wyllie et al., 1980).
Acridine orange (AO) has been used to identify apoptotic cells in Drosophila 
embryos (White et al., 1994); AO has two different staining characteristics. 
In fixed tissues it is mostly used as a metachromatic dye, differentially 
staining single-stranded nucleic acids orange and double-stranded nucleic 
acids green (Darzynkiewicz, 1990). However, in living cells it serves as a pH 
indicator, becoming trapped in acidic compartments such as lysosomes and 
phagosomes, which then fluoresce as brilliant orange-red (Zelenin, 1966). 
For its role in identifying apoptotic cells in Drosophila, AO was used as a vital 
stain.
In the current study it therefore appeared that lysosomes/phagocytes might 
become highly abundant in apoptotic cells (strong yellow fluorescence), 
enabling the latter to be distinguished from non-apoptotic cells. Here, few 
strong fluorescent (bright yellow) isolated signals were observed in all tissue 
sections; however, the number increased at the medial concentration. At 48 
and 96 hr of exposure an increase in the number of green fluorescent 
signals may have been indicative of kidney cell renewal (regenerate), 
however this observation needs to be further investigated in future staining.
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Conclusion
The overall goal of this project was to characterize and quantify the 
developmental toxicity of silver nanoparticles synthesized via green methods 
using zebrafish (Danio rerio). The results indicate that silver nanoparticles 
cause a variety of histopathological lesions in zebrafish organs ranging from 
epithelial lifting and hyperplasia in fish gills, hyperplasia and hypertrophy of 
goblet cells, edema of muscle bundles, to increase in melano‐macrophage 
aggregation in the kidney. Zebrafish kidney serves a model suitable studying 
the effects of AgNP toxicity. It is feasible to say that tissue anomalies were 
due to nanoparticles and not the capping or reducing agents since gelatin 
and maltose are common ingredients used in dietary supplements. These 
descriptive and functional studies provide an essential foundation for future 
work aimed at elucidating the mechanisms of toxicity of AgNPs synthesized 
via green methods. Further analysis is required to study the mechanism and 
level of toxicity caused by the nanoparticles at the molecular level.
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APPENDICES
APPENDIX A: FIXATIVES 
Davidson’s AFA fixative: (recipe)
330 mL 95% ethyl alcohol
220 mL 100% formalin (saturated aqueous solution of formaldehyde 
gas, 37-39% solution) 
115 mL glacial acetic acid
335 mL tap water (distilled water) 
Stored at room temperature
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APPENDIX B: STAINS:
HARRIS’ HEMATOXYLIN AND EOSIN (H & E)
Acid Alcohol Solution (1%) 
Hydrochloric acid, 1 ml 70% ethanol, 50 ml 
Mix well.
Lithium Carbonate Solution (Saturated) 
Lithium carbonate 1.54 g
Distilled water 100 ml Mix well.
Eosin Stock Solution
Eosin Y, 1 g
Distilled water, 100 ml Mix to dissolve
Phloxine Stock Solution
Phloxine B, 1 g
Distilled water, 100 ml
Mix to dissolve
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Eosin-Phloxine B Working Solution
Eosin stock solution, 100 ml
Phloxine stock solution, 10 ml
Ethanol (95%), 780 ml
Glacial acetic acid, 4 ml
Mix well.
Staining Procedure
1. Deparaffinize sections in 2 changes of xylene, 10 min each. 
2. Re-hydrate in 2 changes of absolute ethanol, 5 min each. 
3. Re-hydrate in 95% alcohol for 2 minutes and 70% ethanol, 2 min 
4. Wash briefly in distilled water. 
5. Stain in Harris hematoxylin solution for 8 min 
6. Wash in running tap water for 5 min 
7. Differentiate in 1% acid alcohol for 30 sec. 
8. Wash running tap water for 1 min 
9. Bluing in saturated lithium carbonate solution for 30 seconds to 1 min 
10. Wash in running tap water for 5 min 
11. Rinse in 95% ethanol, 10 dips
12. Counterstain in eosin-phloxine solution for 30 seconds to 1 min
13. Dehydrate through 95% alcohol, 2 changes of absolute ethanol, 5 min 
each 
14. Clear and mount in DPX
133
ACRIDINE ORANGE (AO) STAINING
Recipe
Acridine orange 0.05 g
DH2O 500 ml
Acetic acid 5.0 ml
Staining procedure:
1. Hydrate sections 
2. Stain sections in Acridine Orange for 30 min 
3. Rinse briefly in 0.5 % acetic acid in 100 % ethanol 
4. Rinse briefly in two changes of 100 % ethanol. 
5. Clear in xylene and mount. 
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ALCIAN BLUE STAIN
Solution and reagents
3% acetic acid
Alcian blue
Nuclear fast Red solution
Staining procedure
1. Deparaffinize slides by clearing in 2 changes of xylene, 3 min2.
2. Hydrate in two changes of 100% ethanol, 90% ethanol, 70% 
ethanol,  2 min 
3. Incubate slides in 3% acetic acid, 3 min 
4. Stain in Alcian blue, 30-45 min 
5. Wash in running tap water, 2 min 
6. Counter stain in nuclear fast Red solution, 3-5min 
7. Wash in running tap water, 1 min; rinse in distilled water, 2 min 
8. Dehydrate slides 70%, 95% and 100% ethanol 
9. Clear in xylene and mount with mounting medium 
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PERIODIC ACID SCHIFF STAIN
Solution and Reagents
-Periodic Acid Solution, Catalog No.395-1
-Schiff’s reagent, Catalog No. 395-2
-Mayer hematoxylin solution, Gill No.3 Catalog No. GHS-3
Staining procedure
1. Deparaffinize and hydrate sections to divinized water 
2. Immerse slide in Periodic Acid Solution, Catalog No. 395-1, 5 min 
3. Rinse slide in several changes of distilled water 
4. Immerse slide in Schiff ’s reagent, Catalog No. 395-2, 15 min 
5. Wash slide in running tap water, 5min 
6. Counterstain Hematoxylin Solution, Gill No. 3 Catalog No. GHS-3, 
90 sec 
7. Rinse slide in running water 
8. Dehydrate, clear and mount sections 
